Alteration of sarcolemmal permeability was evalu ated in the cerebral artery after subarachnoid hemorrhage. Sig nificance of membrane dysfunction in the pathogenesis of chronic spasm and contribution of apoptosis were investigated in a canine modeL Permeability of the smooth muscle cell (SMC) membrane was assessed by double staining with a hy drophilic (ethidium bromide [EB]) and a lipophilic (Hoechst 33342) DNA-binding dye. Quantitative observations were made with a ultraviolet-fluorescence microscope and a ultra violet-laser confocal microscope. Occurrence of apoptosis was studied using electrophoresis and TUNEL method. In the nor mal arteries, nuclei of SMC were stained with Hoechst 33342 but not with EB. In the spastic arteries, SMC in the inner layer 3 to 5 days after the ictus and lasts for a few weeks (Saito et at
Pathogenesis of cerebral arterial spasm after subarach noid hemorrhage (SAH) has not been fully elucidated despite the clinical and experimental efforts in the past. An integrative theory remains to be provided for the genesis of prolonged arterial narrowing after SAH. The presence of blood clot encasing the cerebral arteries re sults in constriction of the cerebral arteries, which starts of the tunica media were stained with EB. The incidence of EB-positive cells reached maximum on day 7 (45 ± 19%) and decreased in 2 to 4 weeks (13 ± 5.2% and 5.0 ± 2.1%, respec tively), in parallel with amelioration of spasm. Electron and light microscopic observations revealed increased density of SMC cytoplasm with widening of the extracellular space. Ne crosis was not evident. Apoptosis was not detected by the two methods. These results demonstrate that an augmentation in sarcolemmal permeability takes place during the course of chronic vasospasm and suggest its close correlation to patho genesis. Key Words: Apoptosis-Cerebral vasospasm DNA-binding dye-Permeability-Subarachnoid hemor rhage-Smooth muscle. exact mechanism is not clear. The chronic cerebral va sospasm is resistant to conventional doses of vasodila tory agents, and despite recent advances in treatment modalities such as use of thrombolytic agents, calcium antagonists, and percutaneous angioplasty, it remains to be a serious problem in neurological and neurosurgical practices (Kim, 1998b) .
Numerous studies have been done to study alterations in various properties of the cerebral artery and identify the cause of the vasoconstriction (Kim, 1998a, b) . Changes of the arterial wall, such as alterations in phar macologic responsiveness (Kim et aI., 1988; Nakagomi et aI., 1988; Kanamaru et aI., 1987) , the mechanical properties (Bevan et aI., 1987; Kim et aI., 1989) , immu nologic reactions (Peterson et aI., 1990) , and morpho logic changes have been described.
Our previous studies demonstrated that the cerebral artery was in a condition of metabolic failure during chronic vasospasm; contents of high-energy phosphates in the arterial wall were diminished (Kim et aI., 1992) , and time course of the reduction in ATP, creatine phos phate and GTP was closely correlated with development of angiographic vasospasm (Yoshimoto et aI., 1993) . Production of cyclic GMP was impaired in the spastic cerebral artery (Kim et ai., 1992a) . Cyclic GMP is a second messenger playing a pivotal role in vasodilation. Endothelium-dependent relaxations, mediated by the cy clic nucleotide (Furchgott et ai., 1989) , were impaired in the spastic cerebral arteries (Kim et aI., 1988; Nakagomi et aI., 1988) . However, release of endothelium dependent relaxing factor from the intima remained un changed when measured with a bioassay system (Kim et aI., 1989a) . Mechanical properties of the spastic arterial wall were significantly altered, with a reduced passive compliance and a diminished maximal contractility (Be van et ai., 1987; Kim et aI.1989b) .
Recently, we have demonstrated that Ca2+ regulation is impaired in the smooth muscle of the spastic cerebral arteries (Kim et ai., 1996) . The rise in intracellular cal cium concentration ([Ca2+U in response to the increase in extracellular calcium concentration ([Ca2+]e) was larger in the spastic arteries. In the normal control arter ies, treatment with ionomycin, an ionophore, resulted in an alteration of the [Ca2+1e-[Ca2+]j curve analogous to that observed during spasm. Treatment of the spastic arteries with a calcium channel blocker reversed the changes only partially. These results, together with the previous fint;lings of the cellular derangement in metabo lism, suggest that the membrane integrity of smooth muscle may be compromised.
Several histologic studies of the spastic cerebral arter ies have been done but not with specific attention to the alterations of the sarcolemma. Several clinical and ex perimental studies have described smooth muscle necro sis as the characteristic feature (Crompton, 1964; Fein et aI., 1974; Hughes and Schianchi, 1978; Tanabe et ai., 1978) along with other changes such as subendothelial proliferation and endothelial vacuolization. However, there are studies reporting absence of muscle necrosis both in human vasospasm and experimental chronic va sospasm (Conway and McDonald, 1972; Tani et ai., 1978; Mayberg et ai., 1978; Eldevik et ai., 1981; Pickard et aI., 1985) . This major controversy has not been solved, and the significance of transformations of smooth muscle in pathogenesis of cerebral vasospasm remains to be clarified.
In this study, we used a novel method of double stain ing with hydrophilic and lipophilic DNA-binding dyes (Daly et aI., 1992) to evaluate alterations in the sarco lemmal permeability during chronic vasospasm. Using fluorescent and confocal microscopes, we studied the spatial and temporal distribution of the changes quanti tatively and correlated this with observations by conven tional light and electron microscopic study. In addition, possible contribution of apoptosis in the pathologic al terations was investigated using histochemical and elec trophoretic methods.
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Animal model
The "double hemorrhage" canine model of SAH was used in the current study (Varsos et ai.,1983) . Mongrel dogs of either sex, weighing 8 to 13 kg, were randomly assigned to SAH groups (day 7 [n = 6], day 3, day 14, day 28 [n = 3]) and control group (n = 6). Under general anesthesia (pentobarbital, 20 mg/kg intravenously) and mechanical ventilation, vertebro basilar angiography was performed to measure the size of the basilar artery. The arterial blood gas was monitored to rule out t1uctuation of diameter of the cerebral artery due to variation in Peo2• Subsequently, the animals in the SAH group underwent a percutaneous injection of autologous venous blood (8 to 11 mL) into the cisterna magna (day 0). Two days later, the in jection was repeated. Details of the technique have been de scribed elsewhere (Kim et aI., 1988) .
The animals in the SAH groups underwent angiography again on the designated days (days 3, 7, 14, and 28). The control group underwent the angiographic examination on days o and 7 without cisternal injections. For quantification of va sospasm, the angiograms were magnified and the images were recorded and digitized using a video tape recording system coupled to a personal computerlimage analyzer. Ratio of the cross-sectional area to that of a baseline angiogram taken on day 0 was calculated in each group.
After the second angiogram, the animals were euthanized with an intravenous dose of sodium pentobarbital (50 mg/kg) followed by exsanguination. The brain and the cervical cord were dissected free. Using a stereomicroscope, the basilar ar tery was separated from the brain stem, and the subarachnoid clot was carefully removed. The artery was cut into rings (about 4 mm long) for DNA staining and fixation for electron micro scopic studies. The care of the animals and procedures in the study complied with the Principles of Laboratory Animal Care and the Guide for the Care and the Use of Laboratory Animals (DHHS Publication No. [NIH] 8523, revised 1985) and had been approved by the Institutional Animal Care and Use Com mittee.
Staining with DNA-binding dyes
Fluorescent nuclear dyes Hoechst 33342 (bisbenzimide, H33342) and ethidium bromide (EB) were used (Daly et aI., 1992) . Both dyes intercalate with DNA and emit characteristic emission fluorescence on excitation. Hoechst 33342 permeates the normal plasma membrane, binds to DNA, and labels the nuclei with blue t1uorescence on excitation. By contrast, EB, a hydrophilic dye, does not normally cross the plasma mem brane. It permeates when integrity of the cell membrane is compromised and labels the nuclei with red t1uorescence on excitation. Hoechst 33342 has an excitation spectrum from 320 to 380 nm with a peak at 343 nm. When bound with DNA, it has an emission spectrum of 400 to 540 nm with the maximum at 460 nm. The spectrum is shifted 40 nm to the left in com parison with the unbound state (Kapuscinski, 1990) . Excitation spectrum of EB is biphasic; one band from 290 to 400 nm with a peak at 320 nm and the other from 450 to 550 nm with the maximum at 510 nm (Le Pecq and Paoletti, 1967) . Its emission spectrum is from 580 to 690 nm with the maximum at 616 nm (Crissman and Steinkamp, 1990) .
The isolated blood vessels were stained in a standard buffer solution (HEPES 10 mmol/L, NaHC03 2.7 mmol/L, NaCI 153 mmollL, and KCI 5.3 mmol/L) containing H33342 (60 fl.g/mL) for 30 minutes and then in that containing EB (30 fl.g/mL) for another 30 minutes at room temperature in a light-protected container. Samples taken from the normal control artery and the SAH day 7 group were treated in a paired fashion to safeguard against variability in the staining condition. After the staining process, the ring-shaped preparations were rinsed six times in the buffer solution, cut tangentially, opened, and placed on a slide glass. Observations with fluorescent microscope were made immediately after staining. When observing the smooth muscle cells (SMC) located close to the intima (periintimal portion of the tunica media), the arterial samples were placed with the intimal side facing the cover glass. For observation of those close to the adventitia (peri adventitial portion), the prepa rations were placed with the adventitia in contact with the cover glass. Ultraviolet-grade slide and cover glasses were used.
Observation and image analysis
A Nikon Microphot-FXA microscope fitted with a high pressure mercury light source was used with a "ultraviolet" filter cassette (excitation 330 to 380 nm with the maximum at 365 nm, dichroic mirror 400 nm, long-pass filter 420 nm). Oil-immersion objective lenses of 40x magnification were used. The numerical aperture was set to 1.3 for the 40x objec tive lens. The optics gives a limited focal depth of [3.70 to 3.75 f1m for the numerical aperture of 1.3; [D (focal depth; f1m) = n x A/(NA) 2 + n x 2000/(M x 7 x NA); n, refractive index (1.50 for the optics in use); M, overall magnification; A, wave length (460 nm for H33, 510 nm for EB); NA, numerical aperture]. Therefore, it was possible to set a thin focal plane on a discrete layer of SMC (cellular diameter approximately 2 to 5 f1m). Observation was focused on the peri intimal, middle, and peri adventitial layers of the tunica media (total thickness approxi mately 30 to 40 f1m). The intima was distinguished with the endothelial cells lined along the axis of the artery. Smooth muscle cells in the periintimal layer of the tunica media were identified as the cells in close vicinity with the furrows of the elastica interna observed at the margin of the focus. Those in the periadventitial layer were identified as the cells close to the fibroblasts, which were seen at the margin of focus. Cell count analysis was performed in each of the layers.
Cells stained with EB were distinguished with red emission of the nuclei, and the cells were stained with H33342 with blue emission. Lipophilic dye H33342 stains nuclei of all normal cells. The incidence of the affected cells were quantitatively measured by counting the number of the cells stained with EB in a field. Cells with increased permeability were stained both by EB and H33342, but the red staining of EB stands out, and the nuclei of the cells appear red. Thus, the proportion of the affected cells was calculated as follows: red nuclei/(red nuclei + blue nuclei) x 100. The SMC were counted in eight different fields (320 x 480 f1m) in each layer, and the incidence was calculated for the sample and then averaged for six (or threc for SAH days 3 and 14) arteries obtained from each group of animals.
Confocal microscopy
Interactive laser cytometer ACAS570 (Meridian Instru ments, Okemos, MI, U.S.A.) equipped with ultraviolet light source was used to perform microspectrofluorometric study and to take a confocal photomicrograph. The apparatus was equipped with a scanning stage, which moves in fixed incre ments (step size 0.5 f1m, 180 steps in x and y axes, scanning speed 0.5 f1m1s) under computer control (Wade et aI., 1993) .
At each point of the scanning, the laser beam of 350 nm was applied for 8 milliseconds, and the fluorescence was measured at the emission maxima for EB and H33342 (590 nm and 450 nm, respectively) simultaneously with two photomultiplier tube detectors. The dual wavelength measurement was done by a dichroic mirror (575 nm short pass) and with two photomulti-plier tube detectors equipped with a 605-nm long-pass filter and a 485/45-nm band-pass filter. The two photomultiplier tube detectors were adjusted to obtain equal intensity of fluores cence with EB and H33342 when observing cells that were damaged by mechanical pressure and thus positively stained with EB as well as H33342. Pinhole size of 80 f1m was chosen. The image obtained in the protocol consisted of 300 x 300 array of sample points.
Sample preparation for electron and light microscopy
The arteries were bathcd in relaxing solution (EGT A 10 mmollL, HEPES 10 mmol/L, NaHC03 2.7 mmollL, NaCI 153 mmollL, KCl 5.3 mmollL, and MgCI 2 I mmollL) for 5 min utes. Then the arteries were perfused with 4% glutaraldehyde in phosphate-buffered saline (PBS; NaCI 150 mmollL, phosphate buffer 20 mmollL, pH 7.2 to 7.4), immersed in the solution for I hour, and washed for 5 minutes with PBS three times. The fixed samples were further postfixed with 1 % osmium tetraox ide in PBS for 1 hour at 4°C and washed in PBS for 5 minutes three times. Block staining was done in 1 % uranyl acetate for 25 minutes at room temperature. The specimen was dehydrated with ethanol of concentration of 75% (5 minutes twice), then 95% (5 minutes twice), and 100% (5 minutes twice and 30 minutes) at room temperature. The samples were further dehy drated in acetone (\0 minutes three times) and kept in the mixture of 50% acetone and 50% embedding material over night at 4°C. Finally, the materials were embedded and kept at 60°C overnight for polymerization.
The block was sectioned several microns thick by an ultra microtome and stained with 1 % toluidine blue for light micro scopic observations. For electron microscopic study, the ultra thin sections (50 to 80 nm thick) were stained with lead and observed under JEOL 1200 EX electron microscope.
Observation in the longitudinal section (parallel to the vessel axis) allowed best comparison of the morphologic alterations in the cross-section of the smooth muscle.
Data analysis
Data are expressed as the mean ± SD. For statistical com parisons, analysis of variance (ANOV A) was used. In all cases, P values less than 0.05 were considered to be statistically sig nificant. The number of animals in each set of data is indicated by n.
RESULTS

Angiography: induction and time course of vasospasm
Cross-sectional area of the basilar artery, calculated as the ratio to that of a baseline angiogram taken on day 0, was lOO.4 ± 4.3% (mean ± SD) in the control group. In the SAH day 3, 7, 14, and 28 groups, the ratio of arterial cross-section was 66.4 ± 32.3%, 26.3 ± 13.3%, 46.1 ± 19.1 %, and 95.2 ± l7.4%, respectively (Fig. I) . The differences were significant each between the control and day 3 groups (P < 0.025, ANOV A), the day 3 and 7 groups (P < 0.01), the day 7 and 14 groups (P < 0.05), and day 14 and 28 groups (P < 0.005).
Observations of DNA-binding dye entry
In the normal arteries, H33342, a lipophilic dye, stained the nuclei of the SMC, which are elongated and (n = 6 for control and SAH day 7 groups; n = 3 for SAH day 3, 14, and 28 groups). Asterisk indicates significant difference (P < 0.05, analysis of variance) between two adjacent groups (control versus SAH day 3, SAH day 3 versus day 7, day 7 versus day 14, day 14 versus day 28).
arranged in a tangential direction ( Fig. 2A through C) .
The SMC nuclei emitted blue fluorescence on excitation. Ethidium bromide did not stain SMC nuclei, either in the inner periintimal layer ( Fig. 2A) , the middle layer (Fig.  2B ), or the q uter periadventitial layer (Fig. 2C ) of the tunica media. Some of the endothelial cells, lined along the axis of the artery, were positively stained with EB, with the oval nuclei emitting characteristic pink-red fluorescence on excitation (Fig. 2D) . The fibroblasts in the adventitial layer also were stained with EB ( Fig. 2E ).
In the SAH group, numerous SMC were positively labeled with EB; the nuclei were stained with character istic pink-red fluorescence (Fig. 3 ). Incidence of EB positive SMC was far greater in the inner periintimal layer of the tunica media ( Fig. 3A ) than in the middle (Fig. 3B ) or the outer periadventitial portion (Fig. 3C ).
Cell counts (in the field of 320 x 480 f.Lm, summation of eight different fields in each artery and averaged for six arteries in each group) were performed to compare the incidence of EB-positive cells quantitatively in the control and SAH groups (Figs. 4 and 5) . The total num ber of smooth muscle cells was comparable between the control group (l081 ± 150, summation in eight fields of 320 x 480 f.Lm, n = 6, mean ± SD) and the SAH day 7 group (1020 ± 172, n = 6, mean ± SD). In the periin tima1 layer of the tunica media, the incidence of EB positive SMC was markedly larger in the SAH day 7 group (45 ± 19%) than in the control group (2.0 ± 1.7%, P < 0.0005, ANOYA, Fig. 4 ). In the middle layer of the tunica media, fewer EB-positive SMC were seen than in the peri intimal layer (Fig. 4) . The incidence in the middle layer was 8.6 ± 6.6% in the SAH day 7 group and 1.8 ± 3.5% (P < 0.05) in the control group. In the periadven titial layer, incidence of EB-positive SMC was 7.1 ± J Cereh Blood Flow Metab. Vol. 19, No. 8, 1999 3.5% in the SAH day 7 group and 1. 1 ± 1. l % in the control group (P < 0,0005). In the SAH day 7 group, the difference between the incidences in the periintimal and middle layers, or that between the periintimal and peri adventitial layers was statistically significant (ANOY A, both P < 0.0025), To assess the time course and reversibility of the sar colemmal alterations, the numbers of EB-positive cells were compared in the groups of SAH days 3, 7, 14, and 28 (Fig,S) . The incidence of altered cells in the periin timal layer was maximal in 1 week after SAH and de creased in 2 to 4 weeks after SAH (P < 0.01 between days 7 and 14, P < 0.05 between days 14 and 28).
Confocal microscopy
In the control group, intensity of fluorescence in the spectrum characteristic to EB was weak in the tunica media ( Fig. 6A ) and the incidence of SMC emitting in the spectrum was small in all layers (periintimal, middle, periadventitial) of the tunica media.
In the SAH day 7 group, numerous nuclei of SMC were stained with EB. The EB-positive cells were fre quently seen in the periintimal layer ( Fig. 6B ), but the incidence in the middle or peri adventitial layers of the tunica media was scarce .
Light microscopy
In the control group, the transverse cross-section of the smooth muscles (cut along the vessel axis) appeared round, packed, and uniform ( Fig. 7 A) . By contrast, in the SAH day 7 group (Fig. 7B) , cross-section of the cyto plasm appeared shrunken. Cells with condensed cyto plasm were frequently observed. The interstitial space was expanded. These changes were prominent in the pe riintimal layer of the tunica media. Frank necrosis of smooth muscle was not observed in the spastic arteries.
Electron microscopy
Longitudinal section along the axis of the artery al lowed best observation of cross-section of the SMC. In the SAH day 7 group, increase in the electron density of the cytoplasm was frequently observed. Size of the sec tion of the cells appeared reduced, and the extracellular space was widened. Deposit of collagen fibers was ob served in the space (Fig. 8) . Occasionally, secretory type SMC containing, well-developed intracellular or ganelles such as endoplasmic reticulum, Golgi apparatus, and mitochondria were seen. These changes were more remarkable in the inner layer of the tunica media but less pronounced in the outer portion. Frank necrosis of SMC was not seen; alterations such as dissolution of myofila ments, disruption of basal lamina, swelling of mitochon dria, and disintegration of the cell were not observed. In general, intracellular structures such as dense bodies, sar colemmal vesicles, and other organelles such as ribo somes, rough endoplasmic reticulum, and Golgi com- of H33342 is blue and that of EB is pink-red. In the normal control arteries, the nuclei of the smooth muscles are stained with H33342 but not with EB. In the intimal layer, the endothelial cells, lined along the axis of the artery, were stained with EB, with the oval nuclei emitting characteristic pink fluorescence on excitation (0). In the adventitial layer, some of the fibroblasts also were stained with EB (E).
plexes were preserved in the smooth muscle cells of the spastic arteries.
Detection of apoptosis
Electrophoresis of the lysate of the spastic cerebral arteries (SAH day 7 and 14 groups) was performed to detect DNA fragmentation. Briefly, arterial tissue was lysed in a buffer containing proteinase K and ethylene diamine tetraacetic acid. After heat-inactivation of the enzyme, the lysate was processed with RNase A. Ten micrograms of genomic DNA was electrophoresed on an agarose gel, blotted to a nylon membrane, and cross- Photographs were focused on thin layers (focal depth 3.7 to 3.75 �m) of periintimal (A), middle (8), and periadventitial (C) layers of the tunica media. Emission fluorescence of H33342 is blue and that of EB is pink-red. The nuclei of the smooth muscles in the periintimal layer were stained with a high incidence. ). Crossed bars: the spastic basilar arteries (SAH day 7 group, n = 6). The cell count was done in eight fields (320 x 480 �m) in each layer of an artery, and the incidence was calculated for six arteries obtained from different animals. Data shown are mean ± SO. Asterisks indicate significant difference between the normal and the spastic arteries. Crosses indicate a significant difference between the peri intimal and the middle or the peri adventitial lay ers of the tunica media in the SAH day 7 group.
linked with ultraviolet. The transferred DNA was probed with digested genomic DNA labeled with 32p. A ladder like pattern qf DNA fragmentation, characteristic to ap optosis, was not observed on the gel plates (data not shown).
For identification of programmed cell death in the tis sue section of the spastic cerebral arteries, TUNEL stain ing (Gavrieli et aI., 1992) was performed. Briefly, paraf fin-embedded sections of formaldehyde-fixed arteries were deparaffinized and rehydrated. The samples were incubated with proteinase and then with H 2 0 2 to inacti vate endogenous peroxidase. After treatment with termi nal deoxynucleotidyl transferase, the sections were incu bated with biotynylated dUTP. The samples were rinsed, incubated with horseradish peroxidase-conjugated strep toavidine, and reacted with diaminobentidine.
Using TUNEL staining, the spastic arteries obtained from SAH day 7 and 14 groups did not demonstrate SMC undergoing the process of programmed cell death apoptosis (data not shown). The same protocol positively stained neurons undergoing delayed death after transient ischemia in the hippocampus of gerbil.
DISCUSSION
The current finding of enhanced entry of a hydrophilic dye, EB, indicates an increase in sarcolemmal perme ability in the cerebral arteries during chronic spasm. In our previous studies, disturbances in the cellular energy metabolism and alterations in calcium homeostasis of the smooth muscle were evident in the spastic cerebral ar teries (Kim et aI., 1992; Kim et aI., 1996) . Contents of J Cereb Blood Flow Metab, Vol. 19, No. 8, 1999 high-energy phosphates were diminished with a time course correlated to that of arterial narrowing (Yoshi moto et aI., 1993) . Calcium homeostasis of the smooth muscle was impaired, with excessive response of [Ca2+t when [Ca2+]e was increased (Kim et aI., 1996) . The im pairment of the membrane integrity presumably reflects alterations in the cellular milieu and injury to the sarco lemma.
A distinctive spatial localization of the sarcolemmal alterations was observed: 45% of the smooth muscle cells in the inner (periintimal) layer of the tunica media were stained positive with EB, as opposed to 8.6% in the middle layer and 7.1 % in the outer (periadventitial) layer of the tunica media. This finding also was confirmed by confocal microscopic study, which showed marked in crease in the incidence of smooth muscle cells emitting fluorescence in the spectrum for EB. A logical implica tion of the observations would be that the causative fac tors for the alterations exist in a higher density in the inner layers. It has been shown that oxyhemoglobin causes membrane damage, since free radicals are gener ated in the process of oxidation to methemoglobin (Misra and Fridovich, 1972) . The superoxide anions and hy droxyl radicals attack the membrane and cause cellular damage (Chan et aI., 1982; Steele et aI., 1991) . The spas tic cerebral arteries are surrounded by blood containing hemoglobin, and if oxyhemoglobin is the primary cause, incidence of affected cells should be higher in the outer layers. A possible alternative mechanism to explain the preference in the inner portion of the sarcolemmal dam age is metabolic disturbance secondary to encasement of the artery by the blood clot. The cerebral arteries lack day 7 groups, n = 3 for SAH day 3, 14, and 28 groups). Asterisks indicate significant difference between the the SAH day 7 group and the SAH day 3, 14, or 28 groups. Crosses indicate significant difference between the normal control group and the SAH day 3 or 28 group. The incidence of altered cells in the peri intimal layer was maximal at 1 week after SAH and decreased at 2 to 4 weeks after SAH (P < 0.01 between day 7 and 14 groups, P < 0.05 between day 14 and 28 groups). vasa vasorum and instead have a network of channels in the medial layer with pores opened to the subarachnoid space (Zervas et aI., 1982) . It has been postulated that the pores serve as pathways for the nutrients and metabo lites. After experimental SAH, the channels were found to be filled and obstructed with debris (Espinosa et aI., 1986) . If this condition leads to metabolic disturbances and decrease<,l viability of the smooth muscle cells, it could preferentially affect the deeper layer, namely the inner layer, of the tunica media. The observed distribu tion of the EB-positive cells is not likely to be caused by differences in exposure to the dye, since the condition of exposure is uniform for the periintimal and the peri ad ventitial sides. The vessels were cut open and exposed in EB solution. In fact in the control group, there was no difference in the incidence of EB-positive cells among the periintimal, the middle, and the periadventitial por tions of the tunica media. This indicates that the barrier effect of the endothelium and the lamina elastica is no more than that of the adventitia, which is composed of loose connective tissue, allowing free diffusion of the dye. Simultaneously, the small incidence of EB staining in the periintimal smooth muscles, as well as in the peri adventitial layer in the normal arteries, indicates that nonspecific staining of unaffected cells was small. Fur thermore, the histologic alterations observed by electron and light microscopic study also were more pronounced in the peri intimal layers. Necrosis of smooth muscle cells has been described in human spastic cerebral arteries (Crompton, 1964; Hughes and Schianchi, 1978) and in that of experimental models (Fein et aI., 1974; Tanabe et aI., 1978) . However, the findings were contradicted by negative reports for such transformation in both clinical (Conway and Mc Donald, 1972; Eldevik et aI., 1981) and experimental vasospasm (Tani et aI., 1978; Pickard et aI., 1985; Elde vik et aI., 1981) . The controversy has not been recon ciled. Despite the finding of the alterations of sarcolem mal permeability in the periintimal layer, we did not observe frank necrosis of smooth muscle cells in the corresponding location. Changes seen in necrotic process such as cytoplasmic swelling, clumping of chromatin, swelling of mitochondria, membrane disruption, and cell disintegration were not observed in these preparations. Possible con�ribution of apoptosis to the alterations of smooth mus�le properties was examined by histochem ical and electrophoretic methods, but no evidence for fragmentation of DNA was obtained in the spastic arter Ies.
The results therefore indicate that the alteration in the sarcolemma does not lead to acute cell death or pro grammed cell death. Apoptosis, either as a result or a cause for the alteration, was not detected in the patho logic condition. The prolonged duration of the sarcolem mal alteration and resolution over 2 to 4 weeks coincide with the course of angiographic narrowing. The temporal profile of the phenomenon supports the notion that the membrane alteration may be pathogenetically linked to the development of chronic spasm. Increased sarcolem mal permeability can underlie the increased calcium per meability, which was described in our previous report (Kim et aI., 1996) . Mild but long-lasting pathologic in crease in calcium permeability can cause contraction continuing over a period and refractory to various vaso dilatory agents. Increased permeability can lead into de crease in the contents of high-energy phosphates and cyclic GMP, a pivotal substance for relaxation of smooth muscle, including those in response to endothelium derived relaxing factor, endothelium-dependent relaxing factor, or nitric oxide (Kim et aI., 1992a,b) . Therefore the increase in the sarcolemmal permeability may be under lying the "final common pathway" to lead into the sus tained and unregulated constriction of the cerebral artery after SAH.
J Cereb Blood Flow Metab. Vol. 19. No.8, 1999 FIG. 8. Electron micrographs of the periintimal portion of the me dial layer of the canine spastic basilar artery (SAH day 7 group). Longitudinal cross-section (paral lel to the vessel axis). Shrinkage and condensation of smooth muscle cytoplasm are characteris tically observed. The extracellular space is widened, with deposits of collagen fibers (thin arrow). A se cretory smooth muscle cell (thick arrow) is seen with well developed intracellular organ elles. Frank necrosis is not ob served. Scale bars = 3 �m.
